Barrier dysfunction in the intestine is a common characteristic of aging organisms. A recent study provides new insight into the cell biology of this phenomenon.
The gastrointestinal tract is lined by specialized epithelia that provide a critical permeable barrier to the exterior environment. This barrier has to be maintained even during infections and regenerative events, when damaged or dying epithelial cells are replaced by new cells generated by intestinal stem cells (ISCs). A loss of barrier function in the intestinal epithelium has been reported as a hallmark of aging in flies and humans, and is associated with diseases of the elderly [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In flies, this loss has been linked to mortality, suggesting that barrier maintenance is limiting for long life [1, 2, 12] . The underlying molecular mechanisms contributing to the loss of barrier integrity in old animals are only beginning to be unraveled. Important mechanistic insight has now been provided by a new study from ResnikDocampo et al. [13] in Nature Cell Biology. These authors show that the age-related loss of epithelial junction proteins, specifically from tricellular junctions (TCJs), contributes to the development of age-related barrier dysfunction and epithelial dysplasia in flies. Previous work has established various epithelial changes and pathologies that are associated with the aging process in flies. As the animal ages, the gastric epithelium develops a metaplasia that disrupts the compartmentalization and pH homeostasis of the intestine, causing changes in the microbiota (dysbiosis). These changes trigger a secondary inflammatory response characterized by chronic activation of JNK and JAK/ STAT signaling, which in turn promotes ISC overproliferation (Figure 1 ) [14] . Chronic hyperactivity of ISCs results in epithelial dysplasia, a phenotype that is closely associated with barrier breakdown.
In Drosophila, the structural integrity of the intestinal epithelium is primarily maintained by enterocytes [15] . Septate junctions -homologous to tight junctions in mammals -form at adjacent cells to prevent paracellular flow between the apical and basal sides of the epithelium, providing a tight barrier. These junctions consist of a series of septa that span the length of intermembrane space between cell-cell contacts but are physically constrained from interacting at the intersections of three cells. To seal the epithelia at these corners, a subset of septate junction proteins, including gliotactin (Gli), form distinct, specialized structures known as TCJs [16] .
Resnik-Docampo and colleagues [13] hypothesize that the age-associated loss of barrier function is directly caused by disruption of cell-cell junctions, and find that, in contrast to the uniform structure observed in 5-day-old midguts, septate junctions in midguts of 45-day-old flies exhibit gaps. This is consistent with the decreased gene expression of several septate-junction-associated proteins in old flies. Among the components of septate junctions in the midgut -Discs large (Dlg), Coracle (Cora), Scribble (Scrib), Snakeskin (Ssk) and Mesh -the authors find decreased levels of Dlg, Cora, and Mesh, and mislocalization of Ssk and Mesh within the cytoplasm. Gli largely localizes to TCJs in young animals and the authors find that, in old animals, Gli is absent from TCJs and mislocalized in the cytoplasm. The severe disruption of TCJs in old animals prompts the authors to test whether delaying aging will prevent loss of TCJs. Dietary restriction is a common intervention to slow the effects of aging, and flies fed a low-calorie diet not only live longer, but also exhibit higher levels of Gli at TCJs.
Interestingly, even in young 5-day-old flies, Gli is only detected in differentiated cells and not in ISCs, suggesting a lack of TCJs in stem and precursor cells. Because ISCs are wedged between the much larger enterocytes and do not span the apical/basal membrane of the epithelium, a tight network of interlocking proteins is likely not necessary at their membrane to maintain barrier function. Consistent with this idea, the authors find that Dlg is not localized apically in ISCs, suggesting that septate junctions may also be absent in stem cells and only form once the cell differentiates.
The authors go on to show that depleting Gli specifically in enterocytes is sufficient to phenocopy the loss of barrier function observed in old flies. Loss of Gli does not grossly affect the overall structure of septate junctions, but components of these junctions are still reduced, as they are in old animals. While the Gli-dependent TCJ disruption causes age-associated barrier dysfunction, the extent to which the (albeit smaller) effects Current Biology DISPATCH on septate junctions contribute to this phenotype is unclear. Because defective stem cell regulation is an important contributor to ageassociated tissue failure, ResnikDocampo et al. [13] also tested the effect of TCJ disruption on ISC behavior. After depletion of Gli specifically in enterocytes, the authors observed an increase in mitotic events as well as in the number of ISCs and their daughter cells (enteroblasts), indicating that the decline in TCJs can contribute to the development of the epithelial dysplasia observed in the aging gut.
Epithelial dysplasia is caused by both overproliferation and misdifferentiation of ISCs [17] . A recent paper provides evidence that disrupting TCJs in the developing Drosophila pupal notum epithelium causes misorientation of spindle poles during mitosis [18] . Because spindle pole orientation is crucial in directing cell fate, it is possible that TCJs in the gut epithelium may also act as guides to influence cell specification and differentiation of ISC daughter cells in addition to their influence on the mitotic entry of ISCs.
The authors further address how loss of TCJs can non-autonomously affect stem cell activity by examining the loss of Gli in combination with other ageassociated defects that also result in overproliferation. Preventing apoptosis during Gli depletion does not suppress aberrant stem cell activity, suggesting that these defects are caused by loss of TCJs specifically rather than by a loss of enterocytes themselves. The authors also rule out microbiota dysbiosis, as ISC behavior is not restored under axenic (i.e. germ-free) conditions. The authors find, however, that loss of TCJs triggers the activity of the Jun-N-terminal kinase (JNK) stress signaling pathway. In response to stress or tissue damage, JNK is activated in enterocytes and triggers the secretion of inflammatory cytokines to activate ISC proliferation [19, 20] . Accordingly, suppression of the JNK pathway rescues the ISC overproliferation caused by Gli depletion, although the defects in barrier function persist [13] .
The findings from Resnik-Docampo et al. [13] broaden our understanding of age-related intestinal degeneration and identify the TCJ protein Gli as a critical regulator of stem cell homeostasis and tissue function. Studies to understand the details of the interplay between barrier function, JNK signaling, inflammation, and stem cell activity will be crucial in providing further insight into the initiation and progression of these age-related intestinal phenotypes. Because barrier dysfunction and JNK overactivation have very broad effects, identification of the more immediate downstream components of the pathway will provide tools for more specific manipulation. Cell fate, for example, is altered by modulating JNK activity, but changing JNK levels broadly will affect a wide range of cellular behavior. Therefore, restoration of one function may cause failure in another. Further investigation of these issues in the fly will provide a greater understanding of the aging process, ultimately opening doors to the development of therapies targeted towards age-associated barrier dysfunction and broader age-associated phenotypes.
